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RATIONAT. ADVISORY COMMITTERE FOR AERONAUTICS

EESEARCH MEMORANDUM

A SUMMARY AND ANATLYSTS OF WIND-TUNNEL DATA ON THE LIFT
AND HINGE-~MOMENT CHARACTERISTICS OF CONTROL
SURFACES UP TO A MACH NUMBER OF 0.90

By John A, Axelson

SUMMARY

An extensive collection of the 1ift and hinge-moment charecter—
istics of control surfaces up to a Mach number of 0.90 has been
assembled from high—speed wind-tunnel data. It covers a wide
variety of control-surface profiles, plan forms and aerodynamic

balances. The various factors which affeot Cr, » CLS’ Gha,
e

and Cpy &t high Mach numbers are discussed and the lmportance of

control-surface profile on 1ift and hinge momsnts is stressed. This
report should find wide application in control-surface dssign and
control estimates.

IRTRODUCTION

Considerable control~surface research has been conducted during
the past decade and many attempts have been made to derive theo—
retical and empirical relations which will permit the aerodynamicist
to predict control-surface characteristice with e reasonable degree
of accuracy. The bulk of this effort and the major part of the
avallable information, however, has been concerned with the low—
speed, incompressible characteristics of control surfaces. (See
references 1 through 8.) An urgent need exists for dependable
information which can be used in the design of comtrol surfaces for
use at high speed. There have been repeated instances where control
surfaces satlsfactory for low—speed use were unsuitable for high—
speed use.

Because of the large number of factors involved, prediction
of control—surface charecteristics at high speed is often more
difficult than the prediction of the characteristics of a wing.
The lack of & suiteble theory accounting for the effects of
compressibllity, separation, gap, surface discontinuities, and
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many other varlables affectlng control-surface characteristics has
resulted in the widespread use of experimental date as the best
gulde. Unfortunately, most high—speed wind—tunnel investigations
conducted during the past few years were directed toward the
development or lmprovement of specific tactical alrplanes and
systematic high—speed control-surface research has been initiasted
only recently. The present report combines the extensive high—
speed control-surface data obtained from many unreleted investiga—
tions with more recently obtalned resulis and includes a dlscussion
of the general high-speed control problems.

SYMBOLS
. inge moment
Cn control surface hinge—moment coefficient ‘)
gbges®
C;, 1lift coefficient ( >
rolling moment

Ci rolling-moment coefficient b

qQ free—stream dynamic pressure @%dvz), pounds per square foot
P froe—stream mass density, slugs per cuble foot

v free—stream velocity, feet per second

S surface area, square feet

b gpan perpendicular to plane of symmetry, feet

b span of control surface along hinge line, feet

1 distance from centroid of tab to control-surface hinge line,
feet .
c local chord, feet

cf2 root mean squared chord of control surface normal to the
hinge line, feet

Ch chord of nose overhang forward of hinge line, feet
a angle of attack, degrees

8 control-surface deflection in a plans perpendicular to the
hinge line, degrees

CONFIDENTIAL



NACA EM No. ATLO2 CONFIDENTTIAT 3

M free—stream Mach number

oCr,

°a  \Go W,
CL,

e &% e
oCy,

C —

B <Ba. .5

5 3 M,a

vl included angle at the trailing edge between tangents to the
control-surface profile, degrees (See fig. 3.)

P2 included angle between lines through the trailing edge to
the upper and lower surfaces at the hinge line, degrees
(See fig. 3.)

r raetlo of the included angle et the trailling edge between
tangents to the control-surface contour to the trelling—
edge angle of a corresponding flat—sided control surface,

(P1/92) .
Subscripts
kg control surfece
t tab

REDUCTION AND PRESENTATION OF RESULTS

A collection of high—speed wind-tunnel data on control surfaces
1s presented in this report. It covers & wide selection of plan
forms, airfoll sectlions, aerodynamic balances, and control— :
surface profiles. A list of the control surfaces and the
important aerodynamic dimensionel date is presented in table I.

For simplicity, each control surface and taeb for which data are
presented 1is designated by & letter. The plan forms and section
rrofiles of the control surfaces sre shown in figure 1. Duplica~
tion of results has been avoided in cases were two or more wind—
tunnel investigations covered control surfaces of mearly ildentical
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dimenslons and charecteristics. In such cases, only the control
surface for which the highest test Mach number was attalned has
been included in this enalysis. Control surface X was tested in
the Langley 16—foot high—speed wind tumnel and the others listed in
table T were tested in the Ames 16-foot high-speed wind tummnel.

Since most of the control surfaces were tested as integral
parts of complete airplane models, no accurate determination of
the drag characteristics was made. Further, insufficient pressure—
distribution measurements were obtained to permit a detelled study
of the pressures. Therefore, only the 1ift and hings-moment
characteristics have been inoluded in this report. There were
insuffliclent high—speed date on teb hirge moments to make an
edequate comparison. The tab effectiveness, however, hes been
sumarized for several different tab imstallations,

Tunnel-wall and constrictlon corrections have been applied to
the results wherever the magnitude of the correctlon was large enough
to be of lmportence. The Reynolds numbers for all tests were high
enough to make the results generally applicable to full—scale design.
At a Mach number of 0.3, the Reynolds number was 1.2 X 10% for the
control surface G whilch was tested as the horizontal tail of a
relatlively small model of a complete alrplane. In nearly all of the
other tests the Reynolds number exceeded 2 X 10® at a Mach nmumber of

0.3.

The hinge-moment cheracteristics of the control surfaces are
presented in figures 2(a) to 2(y). Figure 3 presents sketches
showing the manner in which the control—surface perameter 1 1l1s
eveluated for different control surfaces of varying profile. This
parameter was found useful in comparing the resulis and 1s used in
figure 4 which shows the variation of Cp, &and Cng with Mach
nunber for control surfaces heving radlue noses and a variety of
profiles aft of the hinge line. Filgure 5 presents the variations
of. Cpy &and Chy wilth Mach number for control surfaces having

overhang snd internal nose balances. The variations of the 1ift
peremsters, s with Mach number for the control
surfaces faor wh ch the date were evailable are presented in figure 6.
Figure T shows the extent to which slight revieions in profile near
the trailing edge affected the rolling effectiveness of control
gurfaces E and F. Figure 8 summerizes the varlation of tab effec—
tiveness with Mach number for several dlfferent control-surface
combinations.
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RESULTS AND DISCUSSION
Elevator Hinge Moments and Longitudinal Control

The ma jority of the conmtrol problems encountered with high—
speed alrplanes during the past several years have pertained to
longitudinal stabllity and trim. The causes of and means for
controlling the nosing—down tendency of airplanes at high speeds
have been studied quite thoroughly and have been summarized in
reference 9, which also Includes an analysis of the influence of
elevator hinge moments on the high-speed control.

Since the longitudinal stabllity and control of high—speed
airplanes are vitally affected by changes in the wing lift—curve
slope, angle of atteck for zero 1ift, wing pitching-moment
characteristics, wing span load distribution, and downwash in
adéition to the characteristlics of the horizontal tail, it is
difficult to formulate design criteria which will be applicable
to all airplanes. However, there are several concepts dealing
with the design of high—speed control surfaces which are generally
applicable.

It is commonly known that as the eslze and speed of airplenss
are increased, the loads on the surfaces are aslsoc increased. In
order Lo keep the stick forces within the control of the pilot,
aercdynamic balances, tabs, or boosts must be used in the control
system. In choosing the eerodynamlc balance, both Chy and Chb
must be considered. Although it is possible to obtain an
acceptable variation of stick force with airplane normal
acceleration which is independent of center—of—gravity location
by comblining zero Ch6 and a slightly positive Chm, it is

common to use & slightly negative Chg to prevent rapid movement

of the control surfaces and to evoid the possibility of over—
balanced control surfaces and unstable stick—force gradients at
high Mach numbers. Two factors control the selsction of Cha;

namely, control forces and center-of—gravity travel. A slightly
negative Cp, 1s usuelly desireble, but if a large travel is

requirecd for the center of gravity, it is generally necessary to
uss & positive Cpy . in order to move the stick—free neutral point

aft of the stlck—fixed neutrsl point. However, the stick—force
gradisnt imposes a restrictlon on the amount of positive Cha which

cen be permitted, since & positive Cha tends to heavy the elsvator
hinge moments sncountered in flight maneuvers.
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A further restriction is lmposed on the use of positive Che
at Mach numbers well above the critical of an aslrplene, where
the use of an elevator exhibliting & large positive Cpny 8enerally

leads to excesslve pull forces at the controls. In this regard, the
use of a thicker alrfoll section at the root of the wing than at

the tip and other factors such as interference effects of nscelles
and fuselages tend to lower the critical Mach number of the inboard
sectlion of the wing. When the Mach number of 1ift divergence of the
wing 18 exceeded, there results & reduction in the airplane 1lift~
curve slope, an outboard shift in the wing span load distribution,
and a reduction in the downwash on the tail., If the wing is cambered,
there also occurs an incyease in the wing angle of attack for zero
1ift. The reduced lift—curve slope eand increased zero-lift angle
increase the airplane angle of attack required for level flight.
The*net result of these adverse changes 1s a marked increase in the
alrplane stetlic longltudinal stebllity and a silzesble increase in
the angle of attack of the horizontal tall, requiring increasingly
larger up~elevator deflections., If the alrplane were equipped with
elevators dleplaying a negatlve Cha and positive Chq! the

inorease in tail angle of attack would be accompanied by further
increases in the eslevator hinge-moment coefficient. Excessive
control forces generally result unless a trimming device, such as a
dive recovery flep, is avallable and 1s effective at the high Mach
number in question. A summsry and analysls of date on dive-—
recovery flaps has already been presented in reference 10, no
repetition of resulis belng necessary 1n thls report. Since the
present anslysis 1s primerily concerned with hinge moments, no
results have been included for spollers where the hinge moment is
genereally unimportant. Detailed date on spollers may be found in
references 11, 12, and 13. :

Alleron Hinge Moments and ILateral Control

Ag in the case of elevators it is generally necessary to
employ aerodynamic balance, & balance tab, a servotab, or soms
type of boost In the aileron system 1n order to keep stick forces
wilthin the pilot's conbtrol. At both low and high speeds, the
megnitudes of the hinge moments of the allerons are affected by
wing camber, by the differences in the angles of attack of the wing
tips during roll, and by the use of unequal up and down alleron
deflections often used to obtain desirable yawing characteristlcs.
There is also a possibility of adverse control tendencles
accompanying aileron deflection with an airplane operating slightly
above its critical Mach number, because deflection of the allerons
changes the critical Mach numbers of the wing tips and mey result
in local shock—wave formation, separation, and reduced effectlveness

of one or both ailerons.
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To avold the rossibility of overbalancing of the allerons at
high Mach numbers, it ls deslrable to have a slightly negative C
throughout the expected operating range of Mach numbers and zero
or slightly negative Cha in order to melntain light control forces

over the desired range of angles of attack. A positive chm ‘tends

to increase the hinge moments encountered in flight with ailerons
displaying a negative Cha: because of the varlation in the angles

of attack of the wing tips with rolling motion.

Control-Surface Characteristics

Sweep.— Control surfaces B, E, F, and G have swept—back plan
Torms for the purpose of lncreesing the Mach numbers of 1ift and
hinge—moment divergence. The same modsl was used for the tests of
control surfaces A and B except that the hinge lines were swept O°
and h5°, respectively. The flap in both cases was the simplest
type, having a radius nose and flat sides. The complete data
ohtained from these tests are presented in reference 1lh.

As shown in figure 6, sweeping the model back reduced the
lift—curve slope CLG to almost one—half the unswept value and

decreased the flap effectiveness CL5 to less than one—third the

unswept value telow 0.80 Mach number; dbut it should be noted that
the aspect ratio was reduced from 5.36 to 2.31. The reduction in
C1, Wwas 1n falr agreement wlth the general rule that the lift—
curve slope 1s proportional to the cosine of the angle of sweep at
small angles of attack. The large reduction in Cry can be

explained by the fact that the area of the swept model B was
approximately 40 percent greater than that of the unswept model A,
but the flaps were the same size. If the flap effectiveness of

the two models be expressed in terms of an equal area, the ratio of
the values of OCrg then approximates the cosine rule.

In the results shown in figure 6(a), the lift—curve slopes of
the unswept control surfaces increase with Mach number up to the
Mach number of 1lift divergence, the variation being well approxi—
mated by the three—dimensional Glausrt factor which depends
primarily on aspect ratio as discussed in reference 15. The
increases in lift-curve slopes with Mach number for the swept
surfaces B and G, however, are much more gradual, indicating that
possibly the Mach number component perpendicular to the quarter—
chord line should be used in computing the quantity (1-M2). The
flap effectivensss paramester shown in figure 6(b) remains relatively
constant with Mach number up to the Mach number of 1lift divergence for
both the swept and unswept control surfaces.
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As shown by the hinge-moment characteristics for control
surfaces A and B in figures 2(a) and 2(b), sweeping the model
reduced the variations of hinge-moment coefficient with control—
surface deflection and with angle of attack. The reductions in Chd.
and (Jh8 accompanied the reduction in CLS'

It mlght be mentioned that if the choice between swept and unswept
horizontal tails was being comneldered for a given alrplane, the area of
the tall would have to be increased as the sweep was Ilncresased in order
to provide the same amount of static longitudinal stability at low Mach
numbers because of the reduction in tall—plane lift—curve slope with
Increasing sweep., For an airplane which is to fly at Mach numbers
above 0.85, the use of gweep offers definite advantages by delaying
the effects of compressibility om both 1ift and hinge moments to
higher Mach numbers and by reducing the magnitude of the changes when
they occur. In selecting the amount of sweep to be used, it is
desirable to keep the sweep angle to a minimum in order to maintain

high C and Cr,, over the entire speed rangs, On the other hand
Iy, 5 ’

the gain In critical Mach number from the use of sweep is often only
one-half that indicated by the cosine approximation because of
interference at the plane of symmetry and separation resulting from
the spanwise flow of air in the boundary layer induced by spanwise
Pressure gradients. The Interference and separation can be reduced
by proper contouring of the fuselage-wing or fuselage—stabilizer
iIntersectiona and possibly by the use of boundary-layer control.

Alrfoil sectlon.— The choice of airfoil section for a high-speed
wing or horizontal tall 1s governed in part by structural comsilder—
ations and by the type of control surface to be used. If a
relatively large nose balance is to be employed on the control
surface, it is desirable to have sufficient thickness to allow ample
deflectlon of the control surface without the nose balance projecting
excesslively. In the case of an intermal nose balance, sufficient
gpace 1s required within the profile to permit ample motion of the
balance.

Locating the maximum thickness near the midchord satisfies the
control-surface space requirements and gllows a maximum depth for
a centrally located spar. However, for airfoils with the maximum
thickneas relatively far aft on the chord, the greater adverse
pressure greadlent over the aft portion of the airfoll is conducive
to separation at higher Mach numbers which tends to reduce the flep
effectiveness. Such an effect 1s indicated by “the flight—test
results presented In reference 16 wherein the reduction in flap
effectiveness started at & consliderably lowsr Mach number and became
more pronounced on a wing having an NACA 66—series airfoil than on

CONFIDENTTATL,
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a simllar wing having an NACA 230-series airfoll section. The same
effect of separation is shown in reference 9 which includes some
flap date from high-speed wind-tunnel tests of 20—percent chord
flaps on airfolls having & NACA 65210 section. Preliminary
conglderations of the dynamics of the &lr partlcles flowing at high
speed over a control—surface combination indicate that disconti—
nuities in the slope of the surface or in the rate of change of
slope with chordwise distance aft of the maximum thickness strongly
influence separation because of the vertical accelerations required
of the air in following the profile. Although no systematic high—
gpeed investigation has been conducted on the matter, existing

data on flap effectiverness favor the more forward locations of
maximur thicknees and flat—sided surfaces. The matter 1s closely
related to the control-surface profile and trailing-edge angle.

Camber affects the critlcal Mach number and the high-—speed
aerodynamic characteristlics of ailrfoils as discussed in refer—
ence 9, but does not have any large effect on control-surface
characteristics except for a slight change in the hinge-moment
coefficient.

Favorable tall characteristics can be obtained up to a Mach
nurber of at least 0.85 without resorting to the use of sweep by
uging reduced thickness—to-chord ratios. By comparing the
results in figures 5 and 6, which present the variations of Che,s

Chﬁ’ CIu’ and CL5 with Mech number for several control-surface

combinations, 1t can be seen that control surface I, having NACA
0009- and COOT-alrfoll sectlons at the root and tip, respectively,
and having flat-sided elevators, exhibits no adverse character—
istics up to a Mach number of 0.85, the limit of the test. Refer—
ence 9 contalns extensive high-speed alrfoil data on the effects

of thickness. In using reduced thicknees—to—chord retios,

locating the maximum thickness forward of the 40—percent chord line
prermits a larger leading—edge radius than could be used with more
aft chordwise locations of maximum thickness.

Control-surface profile aft of the hinge line.— The importance
of control—surface profile aft of the hinge line on the high—speed
control—surface characteristice has been fully reallzed only '
recently. In many high-speed wind-tunnel and flight investiga—
tionsg, drastic changee in control—surface characteristics were
unexpectedly encountered at high Mach numbers. In some cases, the
unusual characteristics were found to be assoclated wlth bulges and
in others with the trailing-edge angle of the control surface.
Comparison of the control—surface profiles described in table I and

CORFIDENTTAL
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figure 1 with the hinge moments in figure 2 lndicated that the
parameter r, defined in the symbols and in figure 3, could be used
to correlate the date for the various proflles. As shown in
figure L(a), the parameter r provides a fair index of +the Ch, ©Of

the various control surfaces 1ln spite of the large differences in
alrfoll sections, thickness—to—chord ratios, eritical Mach nunbers,
and plan forms. The results in figure 4(b) indicate that r and
the trailing—edge angle do not provide sufficient information for
predicting Cpg, because of the effects of sweep and the profile

over the forward part of the control surface. However, the
parameter r gives a very good indication of the changes in both
Chm and ch& with increasing Mach number. The results indicate

that r should be kept near unity, and that the tralllng-edge angle
should be kept below 14O, The increasingly powerful balancing

effect of beveled traillng edges at higher Mach numbers may be
realized by comparing the hinge—moment characteristics of control
surfaces J and X in figures 2(g) end 2(k) and by comparing those of
central surfaces T and V in figures 2(t) and 2(v), respectively.

In both cases, the addltion of the bevels produced excesslve over—
balance at the higher Mach numbers, and also reduced the effectiveness
of the control surfaces as shown in figure 6(b) for control surfaces
J and X and in reference 17 for control surfaces T and V.

A strong indication of the reduction In control-—surface
effectiveness caused by an excesslve tralling-edge angle is shown
in figure 7 for the swept control surfaces E and F. The convex
gides and the accompanying large trailllng—edge angle greatly
reduced the effectiveness of the control surface E at high Mach
numbers. Flattening the sides by extending the chord as shown in
figure 1(b) approximately doubled the effectiveness at 0.9 Mach
number, es shown In figure T. A corresponding improvement wasg
obtalined in the hinge-moment characterlstics as shown in figures
2(e) and 2(f).

Further evidence of the marner in which tralling—edge profile
affects control-surface characteristics is shown in figure 2(w) for
the all movable surface W, In this case Chm and Cha are essen—

tially the same parameter and correspond to the pitching-moment
characteristics of a wing of equal aspect ratio, plan form, and
airfoil section. Although the hinge momenits were measured aboub
the 15-percent—chord line, both Ch@ and Ch8 become increasingly

positive with lncreassing Mech number, because of the large trailing-—
edge angle and convex profile of the NACA 16-009 alrfoil section.
High—apeed date on low-aspect—ratlo wings provide the best guide for
predicting the characteristics of all-movable control surfaces.
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Additlional date on the effects of bevels and bulges on control—
surface characteristics are presented in references 9 and 18. When
using elliptical plan forms or curved tralling edges such as on
control surface H, attention shéuld be given to the maintensnce of
g unlformly small tralling-edge angle along the entire span of the
control surface.

Nose balence.— Aerodynamic nose balances have been used
extensively for reducing Oy, of control surfaces. The two common
types of nose balance are the overhang type, such as employed on
control surfaces H, I, J, K, L, My N, Q, R, S, and X and the
internal-balance type, used on control surfeces O, P, T, U, V, and
Y. The hinge-moment characteristice of all of these control
surfaces are presented in figure 2. Both Chy &nd Ch5 evaluated

at zero angle of attack and zero control-surface setting are
sumuarized 1n figure 5. Control surfaces O, P, and U, having intermal
balences, are marked with asterisks to identify them from the rest

of the control surfaces which have simple overhang balances.

Figure 5(a) indicates that there is relatively little variation
in cha, wlth length of overhang for control surfaces having flat sides;

but when the thickness of the overhang is greater than that at the

hinge line, tends to be positive, as shown for control surfaces
X and N. Control surface S, which 1s essentially control surface Q
with a horn balance attached, exhibits the markedly positive cha.

of 0.007; while control surface U, which has concave sides and a
sealed, internal balance, exhiblts a strongly negative Cha.' Control

surface X, having the beveled trailing edge but the same plan form
and nose balance as control surface J, exhibits marked overbalance
at the higher Mach numbers, as shown in figure 2(k). The balancing
effects of the nose balance and the beveled trailing edge are
additive. Because of the large positive ch&’ ‘control surface K

is not sultable for high—speed use. In gemeral, the results
indicate that aerodynamic balences can be used effectively up to a
Mach nunber of at least 0.85 and probably higher,provided the nose
shape is properly formed and the thlckness—to—chord ratio and '
tralling-edge angle are kept sufficiently smsll.

Means for controlling Cn, and Chg.— The results in figures 2, L,

and 5 Indicate that the profile of the control surface aft of the
hinge line greatly lnfluences Chd' and Chﬁ' A bulged or beveled

profile (r>1) tends to produce positive Ch, and Chg, the effect

becoming more pronounced with increesing Mach number. Flat—sided
(r = 1) or cusped profiles (r< 1) generally produce negative Ch,
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and Ch&’ Exposed or unshlelded horn balances provide an effectlve
means for increasing Cp, end Cpy &s shown in figures 2(s) and 5.

The lack of symmetry in the hinge moments of figures 2(r) and 2(s)
were caused by deformation of the model which was part of a
prototype ailrplene and did not possess the rigldlity of specially
constructed high—gpeed wind—tunnel models. Reference 19 presents
additional results and dlscuselon of shielded and unshleldsd horn
balances and covers several control—surface combinations, including
Q, R, and S. Trailing-edge strips or beads are effectlive in making
Chm and Chs more negative, as shown in reference 20 which covers

tests of 1/16-inch-and 1/8-inch-diemeter tubing fastened to the
trailing edge of control surface X and tested at 0.35 Mach number.
The effect of such treiling-edge strips is to alter the alr flow
over the control surface in such a msnner that the streemliines
resemble those over & cusped surface (r <1l). Aerodynamic nose balances .
are effective in controlling Cha’ but as the thickness of the nose :

balance increases, Cp, tends to increase positively.

Although Che, and Cpg are the most widely used hinge-—moment

parameters in control-surface studles, it should be remembered
that the hinge—moment curve defined by the locus of points actually
encountered in flight determines the control forces which will
result. Thus, meneuvers are not conducted at constant angle of
attack or at constant control-surface setting in the menner that
chm and Chs are eveluated. Both o and d change and 1t may readily

be seen that the control forces depend on the combination of Chm
and Ch&’

Tebg.— Because of the difficulty of measuring tab character—
igtics on small, high-egpeed wind—tunnel models, there 1ls only a
relatively small amount of date available. The variation of tab
effectiveness with Mach number for six representative models is
shown in figure 8. The area moment of & tab about the flap hinge
line was suggested in reference 1 as a falr index of low—speed tab
effectiveness. Dimensional psrameters expressing the area moments
of the tabs and ratio of tab area to flap area have been added to
figure 8 in order to permit comparisons of the effectiveness of the
various tabs. Neither parameter, however, accounts for the effects
of boundary lasyer, separatlon, or leakage around the tab, all of which
have & sizeable influence on the load on the tab.

The existing teb data indicate that the tab effectivensess
decreases at the higher Mach numbers in a manner similar to the
reduction in CL5 for the control surface. It might be expected
then, that any contributing factor which causes separation and tende
to decrease flap effectiveness at higher Mach numbers would

CONFITENTIAL
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similarly affect the teb effectiveness. Beveled trailing edges,
bulges, and convex sides, which were shown to have adverse effects
on control-surface characteristics at high Mach numbers, would be
expected to have detrimental effects on the tab characteristics.

No tab hinge moments have been summarized in this report because
of the lack of sufficient high-speed data. Not only are tab hinge
moments rather difficult to measure on small wind-—tunnsl models but,
in most cases, the tab hinge moments have not been of primary
importance to the serodynamlcist. Low—speed tab data may be found
in references 1, 2, and 21. High-speed data on tab effectiveness
are presented in references 11 and 22.

Transonic Flutter

In the design of high-speed control-surface installstions,
particular consideration should be glven to the prevention of
transonic flutter. It 1s not wlthin the scope of thils report to
present a detalled analysls of transonic flutter. However, it is
appropriste to mention that the phenomenon generally occurs at
supercritical speeds in the presence of shock waves and 1ls assoclated
wlth the time leg between control-surface movement and the resulting
changes in clrculation and boundery leyer. The rigidity, ilnertia,
and esrodynemic balance of the control system are among the princi-
pal varlables which may be used In controlling the flutter since they
affect the natural frequency, the actuating forces, and the
restralning forces on the control surface. Forthcoming publica—
tilons on current flutter research should be consulted for further
information.

CONCLUSIONS

From a summary and analysis of high-speed wind—tunnel data on
control surfaces, the following conclusions are mede concerning
control-surface charscteristics up to a Mach number of 0.90:

1. The adverse effects of compressibility on control—surface
characteristics can be greatly reduced by using low thickness—to—
chord ratlos, locating the meximum thickness forward of the L4LO—
percent chord line, malntaining minimum curvature and minimum
changes of curvature aft of the midchord, and using flat-sided
control surfaces having small trailing-edge angles.

2. Convex sldes, bulges, bevels, and excesslve treiling—edge
anglee on control surfaces tend to reduce the control-surface

effectiveness and to increase the variations of Chg and Cpy
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with Mech number, Ch5 generally becoming unstable (positive) and Cha.

becoming increesingly positive up to the Mach number of 1lift
divergence.

3. Concave or cusped sldes on control surfaces tend to heavy
the controls by meking cha increasingly negative up to the Mach

number of 1ift divergence.

4, The lift—curve slope Cr, ©of control-surface combinations

gonerally increeses with Mach number up to the Mach number of 1ift :
divergence in a manner closely approximated by the three~dimensional
Glauert factor.

5. The control-surface effectiveness Crgy generally remains

essentlally constent over the Mach number range below that for 1lift
divergence for control surfaces having trailling-edge angles less
than 14°, As the convexity and trailing-edge angle are increased,
however, the control-surface effectiveness tends to decrsase with
increesing Mach number.,

Ames Aeronsutical laboretory,
Netionel Advisory Committee for Aeronmautics,
Moffett Field, Calif.
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TABLE I.— AERQDYNAMIC DIMENGIORAL DATA

Control

Averege

$ftrol. -——--—-Wzil Bec:icm surface trailicg— jmls -r.I 15 gt Amrodyoamic halance
Auxiace P contour { edge angle
A Flat 12° 5.36 Fome
Modlfled
B RACA Tlat 129 2.31 Nons
¢ 65-010 Bulged 160 %.81 | Bulge
D Modifled RACA Bulged 120 .14 Bulge
0010
B NACA FACA Alrfoll o0° 5.02 None
0012-64{ 0011~64 (convex)
F Modified Flat 140 k.79 Fone
FACA NACA
0012-6L4| 001164
| Exiended Chard
G NAGA 00106k Alrfoll 18° 4.65 Noons
(convex)
i Modified Adrfoil 190 h,65 0.25 cp overhang
FACA 0009 (convex)
I RACA NACA | Flat 10° h.13 0.27 cp overhang
0009 0007
J NACA NACA | Flat 0 B4 0. over
0012 0009 y 13 3 3 of hang
Beveled 250 3.8 0.35 cp overhang,
beveled trelling edge
L NACA §5-011 Flat 140 5.07 0.35 cp overheng

SOLLY "o WM VOVN
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TABLE I.-~ CONCIULED.

lcontrol] Alrfoll section |Control [ Average
Aspect
aurface Root, Tip suxfaoce trailing— ra tig Asrodynamic balence
contour f[edge angle
M B-117 B-117 lMirfoil 13° 6.9 0.41 ep overhang
t/e=0.19 %/0=0.09 | (concave)
N Modified Flat 14° 5.55 0.46 cp overhang
FACA Q012
o WACA 65-213 |Flat 16° 6.0 | 0-46 cp sealed intermal
P RACA 65-015 |Flat 17.5° h,h3 0.4T7 op sealed internal
balance
Q Flat 120 3.67 0.33 op overhang
Modified 5
R RACA oolo-6Y |Flet 12 h.43 0.33 of sesled overhang,
tfo=0.107 _shielded harn
S Flat 129 b, 43 0.33 op eeeled overhang, horn
T Alrfoil 13° 6.28 0.45 cp seoled, internal
o (concave) balance
RACA A
U 2118 | ﬁm{ﬂ Arfoll 13° 6.28 0.60 cp sealed, ioterral
(concave) balence
v Beveled 30° 6.28 0.42 ¢y meeled, internal
balance, beveled trailing-edge
) HACA 16-009 Arfoil 2ho 1.5 All-moveble surfaos hinge
{convex) at 0.15 chord
X HACA 66-009 Flat 13° 1,76 0.48 cp overhang
Y B-117 t/c=0.20 |Flat o0 5.55 0.66 op internal balence
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Planforms %

Contro/ Surfaces A and C Section A-A

Contro/ Surface ¢©

Confro/ Surfaces A ond &

Planform

Control Surface B

(a) Control Surface A, B, and ¢

Figure | — Planforms and section profiles of control surfaces.
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Planform

Control Surface D

Section A-A

Planforms

Control Surfaces E and F

Section B—8 ) -
(b) Control Surfaces D, E, and F

Figure [— Continuad.
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Planform

Control/ Surface G

Ssction A—A

Section B—8

Planform

Control Surface H

' ) Control Surfaces G and H.
Figure [ — Conlfinued.
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. e

Section A-A

.y Planform

Control Surface [

' Section B—F8

—8 Planform

Control Surfaces J and K

Section C—C

|
___J %—-"—J
) Planform ' ~NACA -~

Control Surface L

(d) Control Surfaces I, J, K, and L.

Figure [ — Confinued.
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—A ~
——— b Section A—A

Planform

L—4 Gontrol Surface M

[ Section B—8

Flanform
Control Surface N

Planform Section C—C
Control Surface O

SNACA
() Control Surfaces M, N, and O. ‘
Figure [ — Gontinued.
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. b .

!\ \
1
1

X - B - - T
L Planform
\ Contro/ Surface P
L4
< _ _ [~ —
T
L Section B—8
}
— B
|
I\
|
B _ _ _ M
! / . } Planform
Control Surface @
— 5B TN;A C_A: 7 -

(f) Control Surfaces P and Q.

Figure [ -— Continued.
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e ——

Section A-A

—A

-

-
ey

Planform

Conirol Surface R

—8 Section B-B same

as Gontrol Surface @

| NACA

L g Planform

Contro/ Surface S

(g) Confrol Surfaces R and S.

Figure |— Confinged.
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e

Section "A—A

Planform

| p r Control Surfaces T, U, and V

Sactions B—F

|

r Planform
Gontrol Surface W

(h) Control Surfaces T, U, V, and W.

Figure I — Continued.
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J——
\\ -
Section A—A
r\»P"—' A
\/ Flanform

Control Surface X

‘ Section B—8B
\_—B
}

i
I N 1Y

]
Planform
— 8B Confrol Surface Y

(i) Control Surfaces X and Y.

Figure [—Concluded.
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' (a) Control surfoce A
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Figure 2 — Variation of hinge-moment coefficient with control -
surface deflection.
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(c) Control surface C
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Figure 2. — Continued.
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Hinge—-moment coefficient, Cp
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Figure 2.— Gontinued.
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(k) Control surface K
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Figure 2 — Conltinued.
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(n) Control surface N
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Figure 2. — Gontinued.
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Figure 2 —Continued.
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Hinge—moment coeéfficient, GCp
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(v) Control surface V
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Hinge-moment coefficient, Cj
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Figure 6.— Variation of lift-curve slope and flap effectiveness
with Mach number.
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Figure 7Z— Effect of trailing-edge profile on the rolling effectiveness

of sweptback control surfaces E and F.
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Figure 8.— Variation of fab effectiveness with Mach number.
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